Objectives: The histone deacetylase (HDAC) has recently been linked to the morphogenesis and virulence of yeast. However, the effects of HDAC on antifungal susceptibility are not well understood. We sought to characterize the action of histone deacetylation on azole resistance in Candida albicans and its possible mechanism of action.
Introduction
Candida albicans is the most important pathogenic fungus seen in superficial and invasive infections. The mortality linked to invasive candidiasis remains very high, especially in immunocompromised patients such as ICU patients, AIDS patients or patients undergoing cancer therapy. 1, 2 Therapies for fungal diseases include, among others, azoles, echinocandins, allylamines and polyenes. Among these antifungals, azoles are the most commonly used in the management of candidiasis. As a result of the wide application of azoles as the sole agents of treatment, resistance is easily developed in clinical Candida isolates. It has been confirmed that resistance to first-line therapy is associated with higher mortality than susceptibility to first-line treatments. 3 A number of physiological attributes of yeast have been associated with azole resistance mechanisms, such as transport alterations (CDR, MDR and FLU), target alterations by mutations and gene up-regulation (ERG), the utilization of compensatory pathways and the presence of complex multicellular structures (biofilms). All of these are related to the abnormal expression of certain genes. 4 -6 One of the difficulties when working with fungistatic drugs, such as azoles, in vitro is the phenomenon of trailing growth. Trailing growth is defined as a reduced, but persistent, growth of some Candida isolates at higher drug concentrations, particularly with fluconazole and itraconazole. Drug concentrations for trailing growth can be exhibited over an extended concentration range. after 48 h of incubation. The mechanism of trailing growth in C. albicans is still unknown, but the up-regulation of resistance genes on drug exposure has been suggested as a mechanism. 9 Histone deacetylases (HDACs) are a family of significant enzymes that act to deacetylate lysines in histones, transcription factors, signal transduction proteins and other cellular proteins. This gene family is conserved between humans and yeast. 10 -12 HDACs can be grouped into the Rpd3/Hda1 family and the sirtuin family in yeast according to sequence homology and phylogenetic analysis. The Rpd3/Hda1 family belongs to the 'classical' zincdependent HDACs. Rpd3 and Hda1 are founding members of the Class I and Class II HDACs, respectively. Class I HDACs are mainly located within the nucleus and play an important role in cell survival and proliferation. Class II HDACs shuttle between the nucleus and the cytoplasm in response to certain cellular signals and possibly have tissue-specific roles. The sirtuin family, described in 2000, belongs to Class III HDACs and is NAD+ dependent. Inhibitors of 'classical' HDACs are commonly referred to as HDAC inhibitors (HDACIs). HDACIs can block angiogenesis, arrest cell growth and lead to differentiation and apoptosis in tumour cells. 13, 14 Class I and Class II HDACs (the Rpd3/Hda1 family) can be inhibited by the classical, non-selective inhibitor trichostatin A (TSA). This is the first natural product of hydroxamate and has the ability to directly inhibit HDACs in both mammalian and yeast cells in vitro. 15 -17 It has been recognized that HDACIs have great potential for treating cancers, immunological diseases and other conditions. A number of compounds that target the Rpd3/Hda1 family are currently under clinical evaluation or have been used in cancer therapy. 18 -21 A recent survey of drug resistance in cancer cells showed that an inhibition of HDAC activity could prevent the development of drug resistance. 22 One study has also identified IGFR1 (insulin-like growth factor receptor 1) signalling and histone modification as being critical to the adoption of a drug-tolerant phenotype. 23 Compared with the rapidly accumulating knowledge on the mechanisms of HDACs in cancer and cancer treatment, much less is known about their specific roles in fungal disease. Hst3p is a member of the sirtuin family whose inhibition by nicotinamide leads to cytotoxic effects in C. albicans. Wurtele et al. 24 have demonstrated in both molecular and in vivo experiments that an inhibition of Hst3p can sensitize C. albicans to antifungal agents by the deacetylation of H3K56ac. A few studies have shown that non-specific HDACIs against Class I and Class II HDACs can increase the activities of sterol biosynthesis inhibitors, such as TSA, apicidin and MGCD290, against C. albicans in vitro. 25 -27 However, the specific HDACs involved in azole resistance and the characteristics of their actions still need to be demonstrated.
A similar picture exists for both fungi and cancer cells with regard to multidrug resistance mechanisms, for example the overexpression of efflux pumps. 28 Given the results summarized from these previous studies, we hypothesized that HDACs were likely to govern drug resistance in C. albicans by regulating efflux pump functions or other as yet undefined mechanism(s). Here we attempt to discover the roles of histone deacetylation in the development of drug tolerance in C. albicans.
Materials and methods

Strains and media
Twenty-two clinical isolates of C. albicans were obtained from Institute of Dermatology, Chinese Academy of Medical Sciences, Jiangsu Province Hospital and Shandong Qilu Hospital. Among these strains, SRY535-60 was used to induce resistance in vitro. C. albicans ATCC 44505, ATCC 62342, ATCC 64550, ATCC 90028, Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were all obtained from the ATCC. WT strain WO-1 and HDAC mutant strains (HDho15 and RPho3) were gifts from D. R. Soll (Department of Biology, University of Iowa). HDho15 (hda1D_/D) and RPho3 (rpd3D_/D) were maintained on agar containing modified Lee's medium. The phenotypic studies conducted by Dr Soll's group indicated that HDho15 accelerated white-to-opaque switching, while RPho3 also increased opaque-to-white switching. 29 The genotypes of these three strains are listed in Table 1 . Strains Ca2-76, Ca2-79, Ca2-85, Ca8-44, Ca8-46 and Ca12-99 were obtained from T. White (School of Biological Sciences, Marion Merrell Dow, University of Missouri-Kansas City). These strains were isolated from an HIV patient with a 2 year history of fluconazole treatment. During the course of therapy, the patient experienced discontinuous oral candidiasis and was treated with increasing doses of fluconazole. Thus, these strains were considered as having acquired azole resistance in vivo. 30, 31 The azole susceptibilities and established resistance mechanisms of each strain are described in Table 2 . The clinical isolates were all 
Antifungal susceptibility testing
Azole susceptibilities without TSA for C. albicans clinical strains were determined following the CLSI M27-A3 method. 32 Fresh overnight cultures were prepared in YPD medium and then diluted in RPMI-1640 and counted using a haemocytometer to 10 4 cells/mL. Final concentrations for each antifungal agent were as follows: for fluconazole, a range of 64 mg/L to 0.125 mg/L, and for itraconazole and voriconazole, a range of 16 mg/L to 0.03 mg/L. The plates were incubated at 358C in boxes to minimize evaporation. The MIC values for and growth of C. albicans were evaluated visually and by reading the absorbance at 630 nm in a microplate reader after both 24 and 48 h of incubation. The MIC was defined as the lowest concentration of drug that caused a prominent decrease (≥50% inhibition) in visible growth relative to that of the growth control. Trailing growth was defined as a reduced, but persistent, growth of Candida isolates at drug concentrations above the MIC after 48 h of incubation. Results for trailing growth were evaluated as the ratio of the highest concentration without fungal growth at 48 h to the MIC at 24 h. Interpretive breakpoints were determined in line with CLSI M27-S4. 33 C. krusei ATCC 6258 and C. parapsilosis ATCC 22019 were used as quality controls. All tests were performed in triplicate and repeated on another day.
Drop-plate assays with azoles
The susceptibilities of WT strain WO-1 and the mutant strains (HDho15 and RPho3) to azoles were also tested by drop-plate assays. C. albicans cells were obtained from fresh cultures in YPD medium and counted using a haemocytometer. We then plated 5 mL of serial dilutions of 1×10 5 to 1×10 0 cells onto YPD agar plates with or without an azole. The concentrations of fluconazole, itraconazole and voriconazole were 64 mg/L, 16 mg/L and 2 mg/L, respectively. The cultures were incubated at 308C for 48 h.
The rapid acquisition of adaptation to azoles was also tested for the three strains mentioned above. Yeast cells were grown overnight in Sabouraud dextrose agar (SDA) medium and a colony was transferred into fresh YPD broth for an additional 4-5 h of growth. Each 100 mL aliquot of fresh culture containing 10 4 cells was then plated onto YPD agar with or without azole. The final drug concentrations in the agar plates were 128 mg/L for fluconazole, 32 mg/L for itraconazole and 32 mg/L for voriconazole. The plates were incubated at 308C for 8 days and the colony counts for each strain were determined after 5 and 8 days.
Induction of resistant strains
Induction of resistance was accomplished with an azole-susceptible C. albicans strain SRY535-60 by incrementally increasing the concentrations of fluconazole as previously described. 34 The initial medium for induction contained twice the MIC of fluconazole for SRY535-60. The single colony of SRY535-60 was first incubated in SDA medium at 308C and yeast cells were transferred onto fresh medium when the cell density reached 10 8 cells/mL.
Isolates from each passage were tested using CLSI methodology until resistance to fluconazole occurred. We then collected the series of isolates for further experiments.
Quantification of gene expression by RT-PCR
One-step RT -PCR was performed on an Agilent MX3000P real-time PCR machine (Agilent, America) according to the manufacturer's instructions. Primers were synthesized by Shanghai Samgon Biotech Co. Ltd and are listed in Table 3 . The primers were tested to minimize primer-dimer and other PCR artefacts. Yeast cells were harvested from 24 h YPD cultures and total RNA was extracted using Trizol and acid-washed glass beads. The qRT -PCR was performed in 25 mL reaction volumes containing 500 ng of C. albicans RNA, 5 pmol of each forward and reverse primer, 0.375 mL of the reference dye, 1 mL of block enzyme mix and 12.5 mL of Brilliant SYBR Green qRT-PCR Mix (Agilent). Amplification was carried out under the following conditions: 508C for 30 min, 958C for 10 min, 40 cycles of 958C for 30 s, followed by 608C for 1 min. The dissociation curves were produced as follows: the temperature was elevated to 958C for 1 min, ramped down to 558C, and then ramped up again to 958C, and fluorescence data were continuously collected during the ramp from 558C to 958C. The dissociation curves were analysed to ensure that there was no non-target amplification. Gene expression was analysed using the 2 -△△Ct method, with ACT1 as the reference gene.
Statistical analysis
In vitro susceptibility tests involving azoles alone were compared with tests involving azoles plus TSA using the Student's t-test. All tests were two-tailed and P≤ 0.05 was considered statistically significant. The SPSS statistical software program (version 13.0 for Windows; SPSS Inc., Chicago, IL, USA) was used to perform all the analyses.
Results
Susceptibility of C. albicans to azole antifungals and effects of TSA on azole activities against C. albicans
First, we determined the susceptibility baselines of all C. albicans strains to three azoles in vitro. According to the CLSI M27-S4 breakpoints for the yeast microdilution method, of the 26 C. albicans strains (the clinical and ATCC strains mentioned 
Rpd3/Hda1 family regulates azole resistance 1995 JAC above), 15 strains were susceptible to all three azoles, 6 strains were dose-dependently susceptible to itraconazole, 1 strain was dose-dependently susceptible to voriconazole and 3 strains were dose-dependently susceptible to all three azoles. As shown in Table 4 , the resistant controls ATCC 64550 and PYS2958 were resistant to fluconazole (MICs of 32 mg/L and 32 mg/L, respectively), resistant to itraconazole (MICs of 1.0 mg/L and 1.41 mg/L, respectively) and dose-dependently resistant to voriconazole, respectively (MICs of 0.25 mg/L and 1.41 mg/L, respectively). All the C. albicans strains tested in this study exhibited variable degrees of trailing growth in azole concentrations above the MICs, as previously reported. Representative of this, the trailing growth of PYS2958 is shown in Figure 1 , in which the absorbance values of this strain were seen to increase at 48 h compared with the results at 24 h, even above the MIC values.
We next tested whether the inhibition of HDAC functions by TSA would reduce azole resistance in C. albicans. For TSA-treated cultures, the final concentration of TSA (0.25 mg/L) was determined by the microdilution method in our preliminary experiment. At this concentration, each C. albicans strain that was tested retained over 90% of its yeast cell growth. There was no significant difference between two groups in terms of CLSI MIC results (P .0.05). However, the inhibition of HDACs with TSA markedly reduced the trailing growth (P, 0.05) and inhibited cell growth for most strains at 48 h. The effects of the inhibition of trailing growth by TSA for all Li et al.
the tested strains (WT and mutant strains were excluded) are presented in Figure 2 . Eighteen strains showed enhancing effects of TSA when tested with fluconazole, 15 with itraconazole and 14 with voriconazole (mutant and induction strains were not included). Based upon the degree of trailing growth, we divided the 26 strains into two groups. Strains in Group A (16 strains) exhibited trailing growth over the highest drug concentration, whereas Group B (10 strains) exhibited trailing growth in the concentration range that was tested. Enhancing effects of inhibition were shown in both groups, particularly in Group A. In Group A, the addition of TSA lessened the trailing growth of C. albicans strains even at 256-fold the MIC at 48 h (Figure 2 ). The series of C. albicans isolates collected from a single patient with HIV were also tested for the effectiveness of TSA. Using the CLSI M27-S4 method, Ca2-76 and Ca2-79 were fluconazolesusceptible strains and Ca2-85, Ca8-44, Ca8-46 and Ca12-99 were fluconazole-resistant strains with gradually increasing MICs. Increasing effects in terms of inhibition were observed only in azolesusceptible strains, but not in persistently resistant strains even if the concentration of TSA rose to 1 mg/L (Figure 2 ). The azole-resistant strains PYS2958 and ATCC 64550 showed no inhibition of trailing growth, but a clear reduction in cell growth occurred after the addition of TSA (Figure 1 ).
Effects of HDA1 and RPD3 deletion on activities of azoles against C. albicans
In order to further clarify the roles of HDAC genes in azole susceptibility, the WT strain and mutant strains were analysed by dropplate assays and rapid adaptation tests. In comparison with the WT strain WO-1, HDho15 and RPho3 were hypersensitive on drop-assay plates supplemented with 64 mg/L fluconazole, 16 mg/L itraconazole and 2 mg/L voriconazole, respectively ( Figure 3 ). The C. albicans WT strain and HDA1 and RPD3 deletion mutant strains were also tested in vitro for their susceptibilities to fluconazole, itraconazole and voriconazole using the M27-A3 method. The mutant strains with a deletion of HDA1 or RPD3 showed reduced cell growth at 24 and 48 h. Compared with the WT strain, the deletion of HDA1 resulted in a 16-fold reduction of trailing growth with fluconazole, a 267-fold reduction with itraconazole and a 128-fold reduction with voriconazole. The deletion of RPD3 resulted in a 267-fold reduction in trailing growth with itraconazole and a 128-fold reduction with voriconazole (data not shown).
A rapid acquisition of adaptation has been detected in WT C. albicans when a great number of yeast cells were cultured in high concentrations of azoles. In contrast, this adaptability to azoles was markedly reduced in HDAC gene mutant strains. At a high concentration of fluconazole (128 mg/L), itraconazole (32 mg/L) or voriconazole (32 mg/L), adaptation occurred by 5 -8 days in WO-1. However, HDho15 and RPho3 mutants failed to grow in the presence of high azole concentrations in the same cycle (Figure 4) . These results imply that the HDAC genes HDA1 and RPD3 may regulate azole resistance in C. albicans.
Gene expression of clinical C. albicans and mutant strains
The expression levels of the HDAC genes (HDA1 and RPD3) and efflux genes (CDR1, CDR2, MDR1 and FLU1) were determined by RT-PCR. There was no correlation between the basal expression of the HDAC genes and the susceptibilities of C. albicans in terms of either the type of azole or the enhancing effects of TSA on inhibition (data not shown). However, the efflux genes CDR1, CDR2, MDR1 and FLU1 were poorly expressed in the HDho15 and RPho3 strains, with expression levels that were typically ,50% that of the WT strain ( Figure 5) .
Analysis of HDAC genes and efflux genes in induced C. albicans strains
Given the enhanced inhibitory effects of TSA on C. albicans strains, we next tested changes in the expression of HDA1 and RPD3 during the development of acquired azole resistance. A series of fluconazole-resistant strains, which were obtained from a fluconazole-susceptible strain SRY535-60 through serial cultures with inhibitory concentrations of fluconazole, was evaluated for the expression of both HDAC and efflux genes. As shown in Figure 6 , the expressions of HDA1 and RPD3 were up-regulated to various levels with increased MICs, but returned to the level seen in the susceptible parental strain as stable resistance formed during the course of acquired fluconazole resistance. The highest expression levels were observed in the early or middle stage of induction of resistance; e.g. HDA1 was induced 5-fold in the presence of fluconazole when the MIC increased to 8-fold that for the original parental strain, and RPD3 was induced 10-fold when the MIC increased 16-fold ( Figure 6 ). Of the efflux genes, CDR2 and MDR1 were up-regulated to different levels by fluconazole exposure when compared with the susceptible parental strain, but the transcription levels of CDR1 and FLU1 showed no obvious changes ( Figure 6 ).
The gene expressions of HDA1 and RPD3 were also assessed in a series of in vivo isolates with acquired resistance that were collected from clinical specimens of a single HIV patient who was treated with fluconazole for 2 years. Genetic studies had confirmed that the MICs for these strains increased in correlation to the overexpression of ERG11 (16), CDR and MDR1. 35 The mutation in ERG11(16) and loss of heterozygosity were also linked to their modes of resistance within this group of resistant strains. 31 We found similar changes in the levels of expression of the HDAC genes HDA1 and RPD3 in these strains when compared with induced SRY535-60 strains ( Figure 6 ). The levels of expression of HDA1 increased 7-fold as the MIC increased to 32-fold that for the original parental strain. Similarly, RPD3 was induced 4-fold when the MIC increased 64-fold ( Figure 7) . Interestingly, an earlier peak of HDA1 was observed in both series of C. albicans strains compared with RPD3.
Discussion
Epigenetics is defined as heritable changes in gene expression that are not based on alterations in the DNA sequence. The major mechanisms involved in epigenetics are histone acetylation and deacetylation, which are reversible processes controlled by histone acetyltransferase and HDAC. Epigenetics plays an important role in eukaryotic gene regulation. High HDAC activity could result in transcriptional repression and gene silence. 36 -38 A number of studies have indicated that epigenetics has an indispensable role in the virulence and morphogenesis of yeast. Rpd3/Hda1 family regulates azole resistance 1999 JAC spontaneous white and opaque switching frequencies in C. albicans. The evidence for this shows a dramatic increase in the frequency of switching from white to opaque in the absence of the HDA1/RPD3 gene or after the treatment of yeast cells with TSA. The involvement of HDACs in the pathogenicity of C. albicans has been hypothesized since reports that the adhesion of the fungus to epithelial cells and the transition from yeast to hypha were both inhibited by HDACIs. Such inhibition appeared less evident when an HDA1-deficient strain was tested. 29,39 -45 Smith and Edlind 25 revealed that TSA could enhance the susceptibility of C. albicans to azoles and terbinafine in vitro. The addition of 3 mg/L TSA could lower the itraconazole MICs for five C. albicans strains by an average of 2.7-fold at 24 h; however, only a small number of strains were included in this study. 25 Synergy or an enhancing effect was also identified for other HDACIs such as apicidin, MGCD290 and vorinostat (SAHA), some of these having an antifungal function because of their chemical structure. 26, 27 Therefore, the relationship between histone deacetylation and azole resistance in C. albicans needs to be further evaluated.
In the current study, we investigated whether histone deacetylation was associated with azole resistance in C. albicans. Compared with previous reports, a total of 40 C. albicans isolates with different genetic backgrounds were obtained from a variety of clinical sources, including two series of strains with acquired resistance -one in vitro and one in vivo. Three antifungal agents fundamental to modern therapy for candidiasis were evaluated in combination with TSA. In particular, the concentration of TSA in this study was much lower (0.25 mg/L) than is seen in other studies in order to rule out cytotoxicity caused by TSA. Overall enhancing effects for the clinical strains (mutant and induction strains were excluded) were noted in 84.6% (22/26) of the strains as trailing growth and cell growth decreased dramatically with TSA treatment ( Figure 2 ). Such enhancing effects could be sustained over 72 h. TSA had less effect on the resistant strains (PYS2958, ATCC 64550 and Ca12-99) than the susceptible ones, suggesting a limitation of HDACIs in reversing azole resistance in C. albicans. Such a lack of effect of TSA for Ca12-99 may be associated with a resistance mutation in ERG11(16) and loss of heterozygosity. However, such an ERG11(16) mutation was not found in PYS2958 and ATCC 64550.
Since the suppressant effect of TSA on histone deacetylation is non-selective, 15, 16 different mutant strains were used to determine which specific HDAC gene(s) were involved in the azole resistance. Our results showed that a deletion of HDA1 or RPD3, which encode an HDAC that is susceptible to TSA, increased azole susceptibility in both microdilution and drop-plate assays, and failed to show adaptation to azoles in vitro (Figures 3 and 4) . Furthermore, both HDA1 and RPD3 showed elevated transcription levels during the acquisition of azole resistance in vitro and in vivo Relative expression Figure 5 . Real-time PCR of efflux genes (CDR1, CDR2, MDR1 and FLU1) is shown for the WT and mutant strains. The expression levels of these genes were significantly reduced in both mutant strains HDho15 and RPho3, but not in the WT strain WO-1.
( Figures 6 and 7) . These results indicate that both HDA1 and RPD3 are implicated in the evolutionary events leading to azole tolerance in C. albicans. As mentioned above, the enhancing effects of TSA at a low concentration were noted in most of the susceptible strains tested in our study, particularly in those that exhibited trailing growth at drug concentrations above the highest level used (Figure 2, Group  A) . Interestingly, resistant strains, unlike susceptible ones, showed no changes in trailing growth after 48 h in the presence of TSA. Trailing growth with surviving yeast cells provides a possible mechanism for acquired drug resistance. From this point of view, trailing growth could be considered to be a form of early adaptation to azoles. In addition, our results showed that the increased expression of HDA1 and RPD3 occurred in the early stages of the acquisition of fluconazole resistance, but decreased when the resistance had become stable, both in vitro and in vivo. In addition, resistant strains were less affected by a TSA-dependent inhibition of trailing growth. We conclude that the Rpd3/Hda1 family may play an important role in the early evolution of azole resistance, although the significance of the earlier peak for HDA1 compared with RPD3 needs to be studied further.
The exact mechanism of how histone deacetylation regulates azole resistance is unclear. It is plausible that it might not be attributable to just one mechanism, but could involve several mechanisms reflecting the complexity of drug resistance. The link between HDAC and azole resistance genes was suggested in a previous study in which the addition of TSA (3 mg/L) was able to reduce the up-regulation of the ERG11(16) and CDR genes in C. albicans after a short (1 -8 h) period of exposure to fluconazole and terbinafine. 25 It has been confirmed that increased levels of ERG11(16), CDR and MDR1 were correlated to increased azole resistance in a series of Ca2-76 to Ca12-99 and other Candida strains. 30, 35 In our study, CDR2 was up-regulated to a peak level in induction strain 535-6. Meanwhile, HDA1 and RPD3 expression decreased to the basal level when stable fluconazole resistance had formed during both in vitro and in vivo induction. Moreover, the deletion of HDA1 and RPD3 led to a significant reduction in efflux genes including CDR1, CDR2, MDR1 and FLU1. Since HDACs can modify the key lysine residues in histones to regulate the chromatin architecture, 13 which often results in transcriptional repression and gene silence, we hypothesize that HDA1 and RPD3 have indirect (rather than direct) effects on the expressions of the efflux genes. Efflux pumps related to azole resistance are grouped into ATP binding cassette transporters (Cdr1p, Cdr2p) and the major facilitator superfamily (Mdr1p, Flu1p). A number of transcription factors, such as Tac1p, Cap1p, Mrr1p, Upc2p and Fcr1p, are thought to be involved in the overexpression of these efflux pumps. 46, 47 Therefore, histone deacetylation is likely to be an essential process in ensuring the decreased expression of one or more of these transcription factors that is required for azole resistance. Other possibilities also exist, such as Hsp90 being a regulator of azole resistance. In fungi, Hsp90 governs the evolution of drug resistance by stabilizing signal transducers in Saccharomyces cerevisiae and C. albicans. It has been claimed that Hda1 and Rpd3 are both regulators of Hsp90 deacetylation, which is responsible for Hsp90-dependent azole resistance in S. cerevisiae. 48, 49 These hypotheses or the involvement of another signalling pathway will be confirmed by further studies.
Studies of histone deacetylation shed important light on the therapeutic potential of HDACIs in fungal disease. Some HDACIs, including vorinostat, romidepsin and chidamide, have been used in clinical treatments or trials, with better responses being seen for haematological malignancies, cutaneous lymphomas and solid tumours. 18 -20 A prospective multicentre observational study in China showed that invasive Candida infection occurred in 0.32% of ICU patients, with a 36.6% mortality rate; the mortality rate was much higher in immunocompromised populations such as patients with malignant tumours. 3 The data obtained from this study suggest possibilities for the development of a new therapeutic method or strategy. The concept of assuring antifungal effects by a combination of current antifungal agents and HDACIs will also prove beneficial in terms of improving fungal elimination and reducing drug resistance and treatment failure. It may be more rational to apply HDACIs at an earlier stage of infection because of their characteristics of early regulation in azole resistance, mentioned above. Both the development of HDACIs and their roles in fungal disease need to be further elucidated both in vitro and in vivo. As a result, HDACIs might in future provide a more selective and less toxic choice for patients with multiple diseases.
In conclusion, our research broadens knowledge on the functions of the Rpd3/Hda1 family in azole resistance in C. albicans. The relationship between histone deacetylation and the evolution of drug resistance in C. albicans appears to be more complicated than we had first thought. How histone deacetylation is associated with the development of resistance in C. albicans, how it controls signal transduction and how it interacts with other factors are questions awaiting further investigation.
